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Rotavirus is the major etiologic agent of diarrhea in children and the most common cause of severe pediatric gastroen-
teritis. Rotavirus infection is limited to mature enterocytes that line the villi of the small intestine. Gut epithelial cells, upon
infection and cytokine stimulation, are able to produce chemokines, a family of small chemotactic cytokines that regulate the
migration and activation of leukocytes. We have previously shown that rotavirus infection of the intestinal epithelial cell line
HT-29 induces increased expression of the CXC chemokine interleukin- (IL) 8. Mechanisms responsible for the transcriptional
regulation of the IL-8 gene in intestinal epithelial cells during viral infections have not been fully elucidated. Therefore, the
purpose of this study was to define the molecular mechanisms of IL-8 gene expression in HT-29 cells infected with rotavirus.
Transient transfection analysis of 5 deletions and mutations of the IL-8 promoter driving expression of luciferase reporter
gene indicates that the activating protein- (AP) 1 and nuclear factor- (NF) B elements are necessary for IL-8 promoter
activation during rotavirus infection. The importance of NF-B activation for IL-8 gene expression was further demonstrated
by the inhibition of rotavirus-induced IL-8 gene transcription and protein synthesis following blockade of degradation of the
NF-B cytoplasmic inhibitor IB-. Rotavirus infection of HT-29-induced IB kinase (IKK) activation and overexpression of aINTRODUCTION
Rotavirus is a nonenveloped, double-stranded RNA
virus belonging to the Reoviridae family. Since its first
description in association with human disease (Bishop
et al., 1973), rotavirus has been identified as the major
etiologic agent of diarrhea in infants and young children
and the most common cause of severe gastroenteritis,
causing over 500,000 deaths each year in developing
countries. Rotavirus has a rather limited tissue tropism,
infecting the mature enterocytes lining the villi of the
small intestine (Greenberg et al., 1994).
Under normal conditions, the gut mucosal epithelium
represents an important interface between the external
environment and the host. While intestinal epithelial cells
have been associated with absorptive/secretory func-
tions and immune cells with mucosal host defense, there
is now evidence that gut epithelial cells can contribute to
the mucosal immune response by producing soluble
mediators, including a family of small chemotactic cyto-
kines called chemokines, known to be important in the
communication among cells of the immune system (Eck-
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All rights reserved.
8mann et al., 1993). Gut epithelial cells have recently been
shown to produce chemokines after bacterial infection
and cytokine stimulation (Eckmann et al., 1993; Crowe et
al., 1995; Jung et al., 1995). Chemokines regulate the
migration and activation of leukocytes in a cell-type-
specific manner and therefore play a key role in the
generation of immune/inflammatory responses (Miller
and Krangel, 1992; Strieter et al., 1994).
We have recently shown that rotavirus infection of the
intestinal epithelial cell line HT-29 induces secretion of
several chemokines belonging to both CXC and CC sub-
families (Casola et al., 1998). A similar pattern of chemo-
kine expression in enterocytes has also been demon-
strated in a murine model of rotavirus infection (Rollo et
al., 1999). Recruitment and activation of CD4 and CD8
T-lymphocytes, together with a strong antibody re-
sponse, play a fundamental role in the immune response
to rotavirus infection (Franco and Greenberg, 1995;
Franco et al., 1997). Interleukin- (IL) 8, a CXC chemokine,
has been shown to be strongly chemoattractant for CD8
intraepithelial lymphocytes (IEL) and a strong inducer of
CD4 T cells, as indicated by enhanced T helper prolif-
erative responses and antibody production (Ebert, 1995;
Martinez et al., 1999). IL-8 is also chemoattractant fordominant negative mutant of IKK- greatly reduced rotavir
tion, indicating that IKK is involved in rotavirus-induced IL-8
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dendritic cells, which become professional antigen pre-
senting cells once activated by double-stranded RNAus-indu
gene e
and cytokines, including IL-1 and tumor necrosis factor
(TNF) (Sallusto et al., 1998). Therefore, IL-8 produced by
enterocytes is likely to play an important role in the
generation of the mucosal immune response to rotavirus
infection.
We have shown that rotavirus infection of HT-29 cells
induces increased IL-8 mRNA and protein secretion (Ca-
sola et al., 1998). IL-8 gene expression, like many cyto-
kines, is primarily regulated at the transcriptional level
(Mukaida et al., 1991). Previous studies have shown that
the regulatory elements required for IL-8 gene induction
may vary depending on the stimulus, and, for a given
stimulus, may differ from one cell type to another, indi-
cating that IL-8 gene transcription is regulated in a stim-
ulus- and cell-type-specific manner (Mukaida et al.,
1991). Rollo et al. (1999) have recently shown that rota-
virus infection induces activation of the transcription fac-
tor NF-B in HT-29 cells and IL-8 promoter activation in
the human bladder epithelial cell line ECV 304. In 293
cells, an embryonic kidney epithelial cell line, expression
of the rotavirus capsid protein VP4 and its cleavage
protein VP8 induces NF-B activation by a TRAF2-depen-
dent signaling pathway (LaMonica et al., 2001). To date,
the transcriptional regulation of the IL-8 gene and the
mechanism of NF-B activation in intestinal epithelial
cells, which are the normal target of rotavirus infection,
have not been elucidated.
The results of this study indicate that the activating
protein- (AP) 1, nuclear factor- (NF) IL6, and NF-B ele-
ments are involved in IL-8 promoter activation during
rotavirus infection, which induces increased AP-1 and
NF-B binding activities. NF-B is the primary regulator
of IL-8 gene expression as demonstrated by inhibition of
rotavirus-induced IL-8 gene transcription and protein
synthesis by either overexpression of a mutated form of
the NF-B cytoplasmic inhibitor IB-, which cannot be
degraded and therefore cannot release NF-B upon cell
stimulation (Traenckner et al., 1995; Jobin et al., 1998), or
by using a pharmacological inhibitor of IB- degrada-
tion (Brasier et al., 1998). Rotavirus infection of HT-29
induced IB kinase (IKK) activation and overexpression
of a dominant negative mutant of one of the IKK complex,
IKK-, significantly reduced rotavirus-induced IL-8 pro-
moter activation, and NF-B-driven transcription, indicat-
ing that IKK is involved in rotavirus-induced IL-8 gene
expression and NF-B activation.
RESULTS
Transcriptional induction of IL-8 by rotavirus
We have previously shown that rotavirus infection of
HT-29 cells, a colon carcinoma-derived cell line, induces
increased IL-8 mRNA levels (Casola et al., 1998). IL-8
gene expression is controlled at the transcriptional and
posttranscriptional levels. To determine the transcrip-
tional component of IL-8 gene induction by rotavirus,
HT-29 cells were infected with rotavirus, m.o.i. of 1, with
or without the simultaneous addition of 10 M of actino-
mycin D, an RNA synthesis inhibitor. After 18 h of infec-
tion, total RNA was extracted from control and infected
cells for Northern blot analysis. As shown in Fig. 1,
rotavirus infection of HT-29 cells induces an increased
steady-state level of IL-8 mRNA. Following the addition of
actinomycin D, IL-8 gene expression was completely
blocked, without effects on the 18S RNA level. These
data suggest that the enhanced IL-8 gene expression,
FIG. 1. Northern blot of IL-8 mRNA in HT-29 cells infected with
rotavirus in the presence or absence of actinomycin D. HT-29 cells
were infected with rotavirus (RV), m.o.i. of 1, for 18 h in the presence or
absence of actinomycin D (act.D), 10 M. Total RNA was extracted from
control and infected cells and 20 g of RNA was fractionated on a 1.2%
agarose–formaldehyde gel, transferred to nylon membrane, and hybrid-
ized to a radiolabeled IL-8 cDNA probe (top). The membrane was
stripped and rehybridize again with a probe against 18S RNA (bottom).
FIG. 2. Schematic representation of the plasmids containing sequentially deleted 5 flanking regions of the IL-8 gene. Locations of the binding sites
for activator protein- (AP) 1, nuclear factor- (NF)-B and nuclear factor- (NF) IL-6 refer to nucleotides upstream of the transcription initiation site.
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following rotavirus infection, is controlled primarily at the
level of transcription.
Effects of 5 deletions and site mutations in the IL-8
promoter sequence on rotavirus inducible activity
In order to define the regions of the IL-8 promoter
involved in regulating gene expression after rotavirus
infection, HT-29 cells were transiently transfected with
plasmids containing serial deletions of the 5 flanking
region of the IL-8 gene linked to the luciferase reporter
gene. A schematic diagram of the plasmids used is
shown in Fig. 2. Luciferase activity was measured after
12 h of rotavirus infection, a time point that corresponded
to peak reporter gene induction (data not shown) (Brasier
et al., 1998). As shown in Fig. 3A rotavirus infection
induced by 5-fold the luciferase activity of the 1500/
44 IL8/LUC, which contains the first 1500 bases of the
IL-8 promoter. This fragment of the promoter has been
shown to be sufficient to drive regulated luciferase ex-
pression in a variety of cell types. Deletion to 162 and
to 132 bp did not affect the inducibility of the promoter
(5.7 fold); however, further deletion to 99 bp reduced
the basal activity of the promoter by 2- to 3-fold and
completely abolished rotavirus-induced luciferase activ-
ity, indicating that the sequence between 132 and 99
bp is critically involved in IL-8 gene activation by rotavi-
rus. TNF was also a potent inducer of IL-8 transcription,
producing a 20-fold increase of the 162/44 hIL8/LUC
(Fig. 3B). A 5 deletion to 132 bp did not affect the
response of the IL-8 promoter to TNF stimulation. Dele-
tion to 99 bp did not change the TNF stimulation of the
promoter in terms of fold induction, although the overall
activity of the promoter was reduced in proportion to the
reduction of the basal activity. Instead, a further deletion
to 54 bp abolished the TNF-induced luciferase activity,
demonstrating that the region from 99 to 54 bp is
absolutely required for IL-8 gene activation by TNF. The
region between 126 and 120 bp of the IL-8 promoter
contains a functional AP-1 binding site while other im-
portant regulatory elements, like the NF-IL-6 and NF-B
binding sites, are present in the region spanning from
96 to 69 bp (Brasier et al., 1998; Casola et al., 2000).
These data were suggestive that the AP-1 binding site
plays an important role in rotavirus induction of the IL-8
promoter. Therefore, to better establish the contribution
of individual cis elements of the IL-8 promoter in confer-
ring responsiveness to rotavirus infection, we tested the
effect of site-directed mutations of the AP-1, NF-IL-6, and
NF-B sites in the context of the 162 hIL8 promoter on
rotavirus-induced reporter activity. As shown in Fig. 4A
mutation of the AP-1 site reduced of the basal activity of
the promoter 2- to 3-fold and almost completely abol-
ished the rotavirus-induced promoter activity. The NF-
IL-6 site mutant also showed a slightly lower basal ac-
tivity and reduced viral inducibility (60% reduction) com-
pared to the wild-type promoter. Mutation of the NF-B
site resulted in complete inhibition of promoter activation
following rotavirus infection. When cells were stimulated
with TNF (Fig. 4B), the AP-1-site mutant showed a similar
fold induction compared to the wild type; the NF-IL-6 site mu-
tant showed a significant reduction of the luciferase activity,
while the NF-B mutant was completely uninducible.
These results suggest that while all three binding sites
contribute to the IL-8 promoter induction after rotavirus
infection, the NF-IL-6 and NF-B sites are the two major
sites involved in regulation of IL-8 transcription following
TNF stimulation.
FIG. 3. Effects of 5 deletions in the IL-8 promoter sequence on rotavi-
rus- and cytokine-inducible activity. HT-29 cells were transiently trans-
fected with 5 deletions of the human IL-8/LUC promoter and either
infected with rotavirus for 12 h (A) or stimulated with TNF, 20 ng/ml (B).
Uninfected plates served as controls. For each plate luciferase was nor-
malized to the -galactosidase reporter activity. Data are expressed as
mean  standard deviation of normalized luciferase activity, *P  0.01.
Numbers in parentheses refer to the fold increase of luciferase activity in
rotavirus-infected cells relative to uninfected controls.
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Rotavirus infection induces increase NF-B and AP-1
binding activity
Since the 5 deletion and site mutations analysis of the
promoter showed that the AP-1, NF-IL-6, and NF-B are
important regulatory elements in rotavirus-induced IL-8
transcription, we performed electrophoretic-mobility shift
assays (EMSA) to determine whether rotavirus infection
produced changes in the abundance of DNA-binding
proteins that recognize these regions of the IL-8 pro-
moter. Figure 5A shows nuclear proteins binding to the
IL-8 TNFRE, which contains the combined NF-B/NF-IL6-
binding site (nts 96 to 69). A single nucleoprotein
complex (C3) was formed primarily from nuclear extracts
of control cells, while two other complexes, C1 and C2,
were faintly detected. Rotavirus infection markedly in-
FIG. 5. EMSA of hIL-8 NF-B binding complexes in response to
rotavirus infection. (A) Autoradiogram of time course. Nuclear extracts
were prepared from controls and rotavirus-infected cells at the indi-
cated times and used to bind to the IL-8 TNFRE. Time (in hours)
following rotavirus infection is shown at top. Complexes 1 and 2 (C1
and C2) are rotavirus inducible; complex 3 (C3) is constitutive. (B)
TNFRE mutation analysis. Nuclear extracts from HT-29 cells uninfected
or infected for 12 h were used to bind to the wild-type (WT) TNFRE or
mutated in the NF-B site (K) or in the NF-IL6 site (IL). (C) Supershift/
interference assay. Nuclear extracts of HT-29 cells infected for 6 h were
used in the EMSA in the presence of preimmune serum, anti-NF-B1,
-NF-B2, -c-Rel, and -Rel A antibodies. (Top) A long exposure of the gel
to detect the presence of supershifted bands (arrow). (Bottom) A short
exposure to detect changes in intensity of the binding complexes. The
addition of anti-NF-B1 antibody produces a reduction in C2, while
anti-Rel A induces the reduction of both C1 and C2 and the appearance
of a supershifted band.
FIG. 4. Effects of site mutations in the IL-8 promoter sequence on the
promoter activity. HT-29 cells were transiently transfected with site-
mutated plasmids of the 162 human IL-8 gene promoter and either
infected with rotavirus for 12 h (A) or stimulated with TNF, 20 ng/ml (B).
Uninfected plates served as controls. For each plate luciferase was
normalized to the -galactosidase reporter activity. Data are expressed
as the mean  standard deviation of normalized luciferase activity,
*P  0.01. Fold increase is included in parentheses and is calculated
as described in the legend to Fig. 3.
11INTERLEUKIN-8 EXPRESSION IN ROTAVIRUS INFECTION
creased the binding of C1 and C2 between 3 and 6 h
postinfection, which peaked at 12 h and slightly de-
creased in intensity at 24 h postinfection. To determine
which component of the viral-inducible complexes binds
to the NF-B or the NF-IL-6 sites, we performed electro-
phoretic mobility shift assay (EMSA) using the TNFRE
probe mutated either in the NF-B or the NF-IL-6 sites.
As shown in Fig. 5B, both C1 and C2 are not formed on
the probe lacking an intact NF-B site, while they are
both present on the probe mutated in the NF-IL-6 site,
suggesting that they bind to the NF-B component of the
TNFRE oligonucleotide. C3 binding is not affected by
either mutations and is not competed by the wild-type
TNFRE (data not shown), indicating that binding is not
specific. To determine the composition of the inducible
complexes, we performed supershift assays, adding
specific antibodies to various NF-B subunits in EMSA.
As shown in Fig. 5C, the addition of anti-RelA and anti-
NF-B1 antibodies reduced the formation of C1 and C2
complexes and produced a supershifted band (when
using the anti-RelA antibody), indicating the presence of
both these two subunits in rotavirus-inducible C1 and C2.
To determine whether rotavirus infection produced
changes in the abundance of DNA-binding proteins rec-
ognizing the IL-8 AP-1 site, nuclear extracts prepared
from control and rotavirus-infected HT-29 cells were
used for EMSA. As shown in Fig. 6A, two AP-1 binding
complexes, C1 and C2, were detected in control HT-29
cells; rotavirus infection markedly increased the binding
of C1, starting between 3 and 6 h postinfection. The
highly inducible C1 complex is sequence specific, as
demonstrated by competition with the wild type, but not
the mutant, unlabeled oligonucleotide in EMSA (Fig. 6B).
To determine the composition of the AP-1-inducible com-
plex, we added antibodies to proteins belonging to the
Fos and Jun families of transcription factors. Anti-JunD
and c-Fos antibodies induced the complete disappear-
ance of C1 and the appearance of a supershifted band,
indicating that JunD and c-Fos are major components of
the AP-1 complex induced by rotavirus infection (Fig. 6C).
FIG. 6. EMSA of hIL-8 AP-1-binding complexes in response to rotavirus infection. (A) Autoradiogram of time course. Nuclear extracts were prepared
from control and rotavirus-infected cells at the indicated times and used for EMSA. Time (in hours) following rotavirus infection is indicated at top.
Complex 1 (C1) is rotavirus inducible; complex 2 (C2) is constitutive. (B) Competition analysis. Nuclear extracts from HT-29 cells infected for 6 h were
used to bind to the AP-1 probe; 5 pM unlabeled competitor was included in the binding reaction, as indicated at top. WT indicates the wild type AP-1
oligonucleotide, while MUT indicates the mutated one. C1 is competed by the WT but not MUT oligonucleotide, indicating that it is sequence specific.
(C) Supershift-interference assay. Nuclear extracts of HT-29 cells infected for 6 h were used in the EMSA in the presence of preimmune, anti-JunB,
-c-Jun, -JunD, -FosB, -c-Fos, -Fra1, and -Fra2 antibodies. Anti-JunD and c-Fos antibodies produce the complete disappearance of C1, while anti-c-Jun
and Fra2 antibodies produce a reduction of the same complex. The presence of a supershifted band is indicated by the arrow (for JunD and c-Fos)
or the asterisk (for c-Jun and Fra2). These data indicate that JunD and c-Fos are the major component of the AP-1 complex induced by rotavirus
infection.
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The anti-c-Jun and anti-Fra2 antibodies also caused the
appearance of a supershifted band, suggesting that c-
Jun and Fra2 are also components of rotavirus-induced
AP-1 complex.
The IL-8 AP-1 and NF-B are rotavirus-inducible
enhancers
To determine whether the AP-1, NF-IL-6, and NF-B
sites could be independently activated by rotavirus in-
fection and therefore function as enhancers in the IL-8
promoter, HT-29 cells were transfected with reporter
genes containing multimers of the IL-8 AP-1, NF-B, or
NF-IL-6 elements ligated upstream of the IL-8 TATA box.
We have previously shown that the AP-1 and NF-B
multimers are inducible by stimuli activating AP-1, like
PMA, and by cytokines like TNF, respectively (Casola et
al., 2000). As shown in Fig. 7, activity of the NF-B and
AP-1 multimers was inducible by rotavirus infection,
starting between 3 and 6 h postinfection and gradually
returning to control levels by 24 h postinfection. The
NF-IL-6 multimer was not affected (data not shown).
TNF- was also a strong activator of the NF-B multimer,
but did not affect the AP-1 and NF-IL-6 multimer induc-
ibility (data not shown). These data suggest that the IL-8
NF-B and AP-1 sites are rotavirus-inducible enhancers
in HT-29 cells, while TNF mainly activates the NF-B site.
The primary NF-B subunits, NF-B1 and RelA, are
sequestered in a latent cytoplasmic form by association
with the inhibitory molecules IBs (Beg & Baldwin, 1993).
In response to cytokine stimulation or viral infections
(Brasier, 1998; Jamaluddin et al., 1998) the most abun-
dantly expressed IB isoform, IB-, is proteolyzed with
release of NF-B, which enters the nucleus and activates
gene expression. Mutation of IB- at serine residues 32
and 36 results in a nonproteolyzable form of IB that
blocks NF-B activation (Traenckner et al., 1995). To
confirm the fundamental role of NF-B activation in IL-8
gene transcription, we overexpressed the Ser32–36 Ala
mutant of IB- in HT-29 cells infected with rotavirus.
Cells were cotransfected with the162 IL-8 LUC and the
plasmid expressing either the mutated form of IB- or
the empty vector (pcDNA) alone and then infected with
rotavirus. As shown in Fig. 8, overexpression of the IB-
mutant significantly inhibited rotavirus-induced lucif-
erase activity. To confirm these findings, we used the
peptide aldehyde N-acetyl-Leu-Leu-Norleucinal (Nleu), a
protease inhibitor with activity on the 26 S proteasome
complex, which is primarily responsible for IB- prote-
olysis (Palombella et al., 1994). We have previously
shown that pretreatment of lung epithelial cells with Nleu
completely blocks IB- proteolysis and NF-B binding
after TNF stimulation (Brasier et al., 1998). As shown in
Fig. 9, treatment of HT-29 cells with Nleu inhibited rota-
virus-induced IL-8 secretion, showing again the funda-
mental role played by NF-B in rotavirus-induced IL-8
gene expression.
Rotavirus infection of HT-29 cells induces IKK
activation
Activation of NF-B following several stimuli can occur
upon IKK-mediated phosphorylation of IB- (Karin and
FIG. 8. Inhibition of rotavirus-induced IL-8 gene transcription by
overexpression of IB- mutant. HT-29 cells were transfected with the
162 human IL-8 gene promoter alone or cotransfected with the
plasmid expressing the mutant IkB- (see methods) or the empty vector
pcDNA3. After 24 h, cells were infected with rotavirus for 12 h, m.o.i. of
1. Uninfected plates served as controls. For each plate luciferase was
normalized to the -galactosidase reporter activity. Data are expressed
as mean  standard deviation of normalized luciferase activity; *P 
0.01.
FIG. 7. NF-B and AP-1 elements are the IL-8 promoter enhancer during
rotavirus infection. HT-29 cells were transiently transfected with multimers
of NF-B, NF-IL-6, and AP-1 sites linked to an inert hIL-8 TATA box driving
the expression of a luciferase reporter gene (see Materials and Methods).
Cells were infected with rotavirus for 12 h or stimulated with TNF, 20 ng/ml,
for 6 h. Shown is the normalized luciferase activity expressed as fold
induction of infected cells over uninfected cells.
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Delhase, 2000). To assess whether rotavirus infection
was able to activate IKK in intestinal epithelial cells,
IKK- was immunoprecipitated from HT-29 whole-cell
extracts and tested for its ability to phosphorylate a
GST-IB- substrate. Specificity of the IKK assay was
determined by the inability of the immunoprecipitate to
phosphorylate a GST-IB- mutant in which the serine
phosphorylation sites were mutated to alanine at posi-
tions 32 and 36. As shown in Fig. 10, rotavirus strongly
induced IKK activity in HT-29 cells starting at 6 h postin-
fection and declining thereafter. A nonspecific phosphor-
ylated band is shown to demonstrate similar loading of
the samples.
To confirm the role of IKK in rotavirus-induced NF-B
activation, we overexpressed the kinase-inactive form of
IKK-, in which serine 177 and 181 residues are mutated
to alanine, in HT-29 cells. Cells were cotransfected with
the162 IL-8 LUC and the plasmid expressing either the
mutated form of IKK or the vector alone and then infected
with rotavirus. As shown in Fig. 11, overexpression of the
IKK mutant significantly inhibited (60%) rotavirus-in-
duced IL-8 promoter activity compared to cells trans-
fected with the control vector. A similar experiment was
performed using the reporter gene containing multimers
of the IL-8 NF-B. Similarly, overexpression of IKK dom-
inant negative greatly reduced luciferase activity, indicat-
ing that IKK plays a functional role in rotavirus-induced
IL-8 transcription and NF-B activation (Fig. 11).
DISCUSSION
Under normal conditions, intestinal epithelial cells rep-
resent an important interface between the external envi-
ronment and the host. Upon infection or injury they play
an important role in initiating the mucosal immune re-
FIG. 9. IL-8 production in HT-29 cells infected with rotavirus in the
presence or absence of Nleu. HT-29 cells were pretreated for 1 h with
100 M of Nleu and then infected with rotavirus, m.o.i. of 1, in the
presence or absence of the inhibitor. IL-8 concentrations were deter-
mined by ELISA. Data are expressed as the mean standard deviation
of two different experiment performed in triplicates; *P  0.001.
FIG. 10. Time course of IKK kinase activity in HT-29 cells infected with rotavirus. IKK was immunoprecipitated from total cell extracts from HT-29
cells control and infected with rotavirus for 3, 6, and 12 h. IKK kinase activity was determined using GST-IB- wild-type (WT) or a mutated form (MUT)
as substrates. Samples were fractionated by SDS–PAGE; gels were dried and exposed to a XAR film. N.S., nonspecific.
FIG. 11. Inhibition of rotavirus-induced IL-8 promoter activation and
NF-B transcription by overexpression of dominant negative (DN) mu-
tant IKK-. HT-29 cells were cotransfected with 1 g IKK- DN or the
empty vector pCMV2 and either 162 hIL-8 plasmid or the IL-8 NF-B
multimer. Transfected cells were infected with rotavirus, m.o.i. of 1, and
harvested at 12 h postinfection to determine the luciferase activity. Data
are expressed as the mean  standard deviation of normalized lucif-
erase activity. *P  0.01 relative to empty vector.
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sponse by producing soluble factors, like cytokines, that
regulate communication among cells of the immune sys-
tem. Chemokines are a family of small cytokines that are
able to recruit and activate leukocytes and therefore
have a significant role as potent mediators of immune/
inflammatory responses (Miller and Krangel, 1992). IL-8
is a strong chemoattractant for the CD8 T-lymphocyte
IELs and a significant inducer of CD4 T cells, which
together with antibody induction play a fundamental role
in the immune response to rotavirus infection (Franco
and Greenberg, 1995; Franco, Tin, and Greenberg, 1997).
IL-8 is also a chemoattractant for dendritic cells, which
become professional antigen presenting cells after ex-
posure to antigen and double-stranded RNA and migrate
to the lymph nodes to stimulate T-cells (Salluston et al.,
1998). Therefore, IL-8 produced by enterocytes is likely to
play an important role in the generation of the mucosal
immune response to rotavirus infection.
The mechanisms of IL-8 gene induction have been
investigated in a variety of cell types, and deletion and
mutational analysis of the promoter indicates that the
IL-8 gene is activated in a cell-type- and stimulus-spe-
cific manner (Mukaida et al., 1991), suggesting that dif-
ferent sets of nuclear factors might be necessary for IL-8
gene transcription. To date, the mechanisms of transcrip-
tional regulation of the IL-8 gene in intestinal epithelial
cells during viral infections have not been elucidated.
Since identification of the pleiotropic mechanisms re-
quired for IL-8 promoter activation is important for ratio-
nal design of agents that can modulate its expression in
the gut, we analyzed IL-8 promoter activation in intestinal
epithelial cells infected with rotavirus.
Analysis of promoter deletions indicates that the re-
gion from nts 132 to 99 is necessary for rotavirus-
induced IL-8 transcription. This region contains a previ-
ously characterized element at nts 126 to 120, corre-
sponding to an AP-1-binding site. Several studies have
investigated the minimal enhancer region of the IL-8
promoter necessary to confer the responsiveness to
cytokines like TNF and IL-1. In human cells derived from
fibrosarcoma, astrocytoma, and glioblastoma tumors, as
well as in Hela cells, TNF activates IL-8 through a cis
element encompassing nts 97 to 69, a region that
contains the NF-IL-6 and NF-B sites (Matsusaka et al.,
1993; Stein & Baldwin, Jr., 1993). However, the presence
of these two binding sites is not always sufficient for IL-8
gene activation. An intact AP-1 binding site is in fact
required for IL-8 promoter induction in hepatoma and
bronchial cells following TNF stimulation and in gastric
epithelial cells after cytokine stimulation or infection with
Helicobacter pylori (Nakamura et al., 1991; Wu et al.,
1997; Aihara et al., 1997). In the case of lung epithelial
cells, respiratory syncytial virus-induced IL-8 promoter
activation requires the presence of an additional regula-
tory element, together with the AP-1 and NF-B sites,
which is an interferon stimulated responsive element
(ISRE)-like site and binds transcription factors belonging
to the interferon regulatory factor family (Casola et al.,
2000). This ISRE-like site, however, seems to play no role
in rotavirus-induced IL-8 transcription, as indicated by
the 5 deletion analysis. These results suggest that the
combination of the minimal enhancer region essential for
cytokine, bacterial, and viral-induced IL-8 gene activation
can differ among cell types, and between various stimuli
in the same cell type, possibly due to a different distri-
bution of transcription factors or coactivators of tran-
scription.
The results of the site-directed mutation experiments
clearly show that the both AP-1 and NF-B binding sites
are necessary for basal activity and rotavirus-induced
activation of the IL-8 promoter. Gel shift assays show
rotavirus-inducible binding to both these sites of the IL-8
promoter. NF-B has been shown to play a major role in
IL-8 gene regulation in all human cell types that have
been investigated, following infectious or inflammatory
stimuli (Ghosh et al., 1998). Our results, showing that
inhibition of degradation of IB-, and therefore of nu-
clear translocation of NF-B, blocks rotavirus-induced
IL-8 transcription and protein secretion, once again un-
derline the fundamental role played by this transcription
factor in IL-8 gene expression. We have also shown for
the first time that rotavirus infection of HT-29 induces IKK
activation and overexpression of a dominant negative
mutant of one of the IKK complex, IKK-, and significantly
reduces rotavirus-induced IL-8 promoter activation and
NF-B-driven transcription, indicating that IKK is involved
in rotavirus-induced IL-8 gene expression and NF-B
activation. IKK induction has been implicated in NF-B
activation following several stimuli, mainly cytokines like
IL-1 and TNF (Karin and Delhase, 2000). The only reports
on the role of IKK in viral-induced gene transcription have
been following infection with influenza and Sendai vi-
ruses and overexpression of the human T-cell leukemia
virus Tax protein (Flory et al., 2000; Chu et al., 1999; Uhlik
et al., 1998). The two major IKK activators identified so far
are NIK and MEKK1, both mitogen activated protein
(MAP) kinase kinase kinases (Karin and Delhase, 2000).
LaMonica et al. have recently shown that overexpression
of the rotavirus structural protein VP4 in 293 cells, a
human kidney epithelial cell line, induces NF-B activa-
tion through a TRAF2–NIK signaling pathway (LaMonica
et al., 2001). Therefore it is likely that NIK is the upstream
kinase involved in rotavirus-induced IKK activation. How-
ever, these data need to be confirmed in intestinal epi-
thelial cells, since many biological events are cell-type
dependent.
With regard to the role of AP-1 in regulation of the IL-8
promoter activity, there is only one study in intestinal
epithelial cells where a detailed analysis of the IL-8
promoter has been performed after cytokine stimulation
(Wu, Lai, Huan, and Wen, 1997). In this study the AP-1 site
was shown to be involved in the basal level of IL-8
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transcription rather than in the cytokine-induced tran-
scriptional activity. Furthermore, there was a constitutive
binding of nuclear proteins to the AP-1 site that was not
further increased by cytokine stimulation. The results of
our study are in agreement with these previous findings
since deletion or mutation of the AP-1 site reduced basal
activity, but not TNF inducibility, in terms of fold induction.
In contrast, the AP-1 site is necessary for both basal and
inducible IL-8 promoter activity following rotavirus infec-
tion, which results in an increased binding of Fos and Jun
transcription factors to the IL-8 AP-1 site compared
to control cells. In 293 cells, overexpression of rota-
virus VP8, a proteolytic product of VP4, inhibits AP-1
transcription and TRAF-2-related Jun-N-terminal kinase,
whose induction is involved in Fos and Jun activation
(LaMonica et al., 2001). However, there was no inhibi-
tion of AP-1 transcription with rotavirus infection, sug-
gesting that a different intracellular balance of the
expressed viral proteins can trigger different signals.
Activation of the MAP kinase cascade in intestinal epi-
thelial cells following rotavirus infection warrants further
investigation.
Several studies have suggested an important role for
NF-IL-6 in IL-8 promoter activation (Mukaida et al., 1991;
Matsusaka et al., 1993). Our mutational experiments also
suggest that the NF-IL-6 binding site is an important
regulatory element in rotavirus-induced IL-8 transcrip-
tion, although we were not able to demonstrate inducible
binding to the NF-IL-6 site following either rotavirus in-
fection or TNF stimulation (data not shown). A possible
explanation for this discrepancy is that NF-IL-6 has been
shown to bind very tightly to chromatin and the condi-
tions we used to prepare nuclear extracts from HT-29
may not allow the dissociation of the protein from chro-
matin (Kimura et al., 1999).
In summary, we have demonstrated that the inducible
expression of the IL-8 gene, following rotavirus infection
of intestinal epithelial cells, is controlled by a subset of
transcription factors different from those involved in cy-
tokine stimulation. Our study further illustrates that the
requirements for IL-8 gene induction are different from
one stimulus to another one within the same cell type.
Moreover, our results indicate that similar stimuli, like
viral infections, can activate different subsets of tran-
scription factors depending on the type of epithelial cells,
as suggested by our recent observation that in alveolar
epithelial cells IL-8 promoter induction following RSV
infection requires the presence of an additional element
of the promoter, upstream the AP-1 site, for full activa-
tion (Casola et al., 2000). These results emphasize the
need of detailed analysis of the mechanisms regulating
tissue-specific expression of important genes, such as
IL-8, in order to develop strategies for modulating the
host immune/inflammatory responses in the gut.
MATERIALS AND METHODS
Cell lines
HT-29 cells were obtained from American Type Culture
Collection (Rockville, MD). Cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 1% MEM nonessential
amino acids, 2 mM glutamine, 1 mM sodium pyruvate, 50
UI–50 g/ml of penicillin and streptomycin in a 5% CO2
atmosphere. Cells were grown in T75 flasks or in 6-cm
petri dishes for all the described experiments.
Virus preparation and purification
The simian strain of rotavirus SA11-4F was grown in
MA104 cells, as previously described, and purified by
centrifugation on discontinous sucrose gradient (Casola
et al., 1998). Titration of purified virus was determined by
plaque assay (Estes et al., 1979; Smith et al., 1979).
Virus infection
Cell monolayers grown to 90% confluence were in-
fected with rotavirus (activated with 10 g/ml of trypsin at
37°C for 30 min) at a multiplicity of infection (m.o.i.) of 1.
Before infection, cells were washed three times with
serum-free medium and the desired amount of purified
virus, diluted in a 1-ml volume, was added to the cells. An
equivalent amount of a 20% sucrose solution, diluted in 1
ml of the same medium, was added to the mock-infected
(control) cells. The monolayers were incubated for 1 h at
37°C in 5% CO2 and then the viral inoculum was re-
moved. Serum-free medium (2–4 ml), without trypsin,
was added to the cell monolayers and the infection was
continued for the indicated times in a 37°C incubator.
IL-8 ELISA
Immunoreactive IL-8 was quantitated by a double an-
tibody ELISA kit (R&D Systems, Minneapolis, MN) follow-
ing the manufacturer’s protocol.
Northern blot
Total RNA was extracted from control and 18-h-in-
fected HT-29 cells by the acid guanidium thiocyanate–
phenol chloroform method (Salkind et al., 1991). Twenty
micrograms of RNA were fractionated on a 1.2% aga-
rose–formaldehyde gel, transferred to a nylon mem-
brane, and hybridized to a radiolabeled IL-8 cDNA as
previously described (Brasier et al., 1998). After washing,
the membrane was exposed for autoradiography using
Kodak XAR film at 70°C and intensifying screens. After
exposure, the membrane was stripped and rehybridized
with an 18S cDNA probe.
Plasmid construction
Five-prime deletion constructs of the human IL-8
(hIL-8) promoter were produced by polymerase chain
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reaction (PCR) using1498/44 hIL-8/Luc reporter plas-
mid as a template and a downstream oligonucleotide
from nucleotides (nt) 86 to 55 of the luciferase (LUC)
cDNA (Brasier et al., 1998). Upstream primers were used
to produce 5 deletions at nucleotides 162, 132, and
99 by incorporating a unique BamHI restriction site
immediately upstream. The PCR products were re-
stricted with BamHI and HindIII, gel purified, and sub-
cloned into the LUC reporter vector (Casola et al., 2000).
Site-directed mutations of the IL-8 AP-1, NF-IL-6, and
NF-B sites in the context of the 162/44 hIL-8 pro-
moter were introduced by the PCR overlap extension
mutagenesis technique as previously described (Casola
et al., 2000). Multimeric binding sites were constructed
by ligation of three copies of the IL-8 NF-B, AP-1, and
NF-IL6 binding sites as previously described (Casola et
al., 2000).
The phosphorylation-defective IB- mutant, which
has serine residues 32 and 36 substituted with alanine,
was produced by the PCR overlap extension mutagene-
sis technique using the upstream mutagenic primer 5-
TTTCATGGCGTCCAGGCCGGCGTCGTGGCGGTCGTC-3
and the downstream mutating primer 5-CGCCACGA-
CGCCGGCCTGGACGCCATGAAAGAC-3. The PCR prod-
uct was then ligated into the BamHI-/HindIII-restricted
pcDNA3 vector. The dominant negative IKK- expression
plasmid, which has serine residues 177 and 181 substi-
tuted with alanine, have been previously described (Mer-
curio et al., 1997).
Plasmids were purified by ion exchange (Qiagen,
Chatsworth, CA) or on a cesium chloride density gradient
and sequenced in their entirety, prior to transfection, by
the dideoxy chain termination method using the Seque-
nase version 2.0 kit (Amersham-Pharmacia Biotech Inc.,
Piscataway, NJ).
Cell transfection
Logarithmically growing HT-29 cells were transfected
in triplicate in 60-mm petri dishes by diethylaminoethyl
(DEAE) dextran as previously described (Brasier et al.,
1998). Cells were incubated in 2 ml of HEPES-buffered
DMEM (10 mM HEPES, pH 7.4) containing 20 l of 60
mg/ml DEAE dextran (Amersham-Pharmacia) premixed
with 6 g IL-8/LUC reporter plasmid and 1 g CMV-
galactosidase internal control plasmid. After 3 h, medium
was removed and 0.5 ml of 10% (v/v) dimethyl sulfoxide in
phosphate-buffered saline (PBS) was added to the cells
for 2 min. Cells were then washed with PBS and cultured
overnight in 10% fetal bovine serum/DMEM. The next
morning, cells were either infected with rotavirus at an
m.o.i. of 1 or stimulated with TNF- (20 ng/ml). At 12 h
postinfection cells were lysed to independently measure
luciferase and -galactosidase reporter activity, as pre-
viously described (Brasier et al., 1998). Luciferase was
then normalized to the internal control -galactosidase
activity. All experiments were performed in duplicate or
triplicate, using at least two different plasmid prepara-
tions.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts of uninfected and infected HT-29
cells were prepared using hypotonic/nonionic detergent
lysis as previously described (Brasier et al., 1998). After
extraction, nuclear proteins were normalized by protein
assay (Protein Reagent, Bio-Rad, Hercules, CA) and used
to bind to duplex oligonucleotides corresponding to the
IL-8 AP-1 binding site and to the IL-8 TNFRE (for TNF
responsive element), which includes both the NF-B and
NF-IL-6 sites. The IL-8 TNFRE oligonucleotide is defined
wild type if both binding sites are intact or K if mutated
in the NF-B site or IL if mutated in the NF-IL-6 sites as
previously described (Casola et al., 2000). Similarly,
AP-1 indicates that mutations have been introduced in
the AP-1 site to disrupt transcription factor binding (mu-
tations underlined).
TNFRE GATCCATCAGTTGCAAATCGTGGAATTTCCTCTA
GTAGTCAACGTTTAGCACCTTAAAGGAGATCTAG
AP-1 GATCCGAGTGTGATGACTCAGGTTTGCCCTTA
GCTCACACTACTGAGTCCAAACGGGAATCTAG
AP-1 GATCCGAGTGTGATATCTCAGGTTTGCCCTTA
GCTCACACTATAGAGTCCAAACGGGAATCTAG
DNA-binding reactions for the TNFRE probe contained
10–15 g total protein, 5% glycerol, 12 mM HEPES, 80
mM NaCl, 1 mM dithiolthreitol (DTT), 1 g of poly(dA-dT)
and 40,000 cpm of 32P-labeled double-stranded oligonu-
cleotide in a total volume of 20 l. Binding reactions for
the AP-1 probe contained 10–15 g total protein, 5%
glycerol, 12 mM HEPES, 80 mM NaCl, 5 mM DTT, 5 mM
Mg2Cl, 0.5 mM ethylenediametetraacetic acid (EDTA), 1
g of poly(dI-dC) and 40,000 cpm of 32P-labeled double-
stranded oligonucleotide in a total volume of 20 l. The
nuclear proteins were incubated with the probe for 15
min at room temperature and then fractionated by 6%
nondenaturing polyacrylamide gels (PAGE) in TBE buffer
(22 mM Tris–HCl, 22 mM boric acid, and 0.25 mM EDTA,
pH 8). In competition assays, 5 pmol of unlabeled com-
petitors were added at the same time of probe addition.
After electrophoretic separation, gels were dried and
exposed for autoradiography using Kodak XAR film at
70°C and intensifying screens. In the gel mobility su-
pershift, commercial antibodies (Santa Cruz Biotech. Inc.,
Santa Cruz, CA) against specific transcriptional factors
were added to the binding reactions and incubated on
ice for prior fractionation on 6% polyacrylamide gel elec-
trophoresis (PAGE). Preimmune serum was used as a
control for any nonspecific effects of the immune anti-
sera.
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IKK kinase assay
For immunoprecipitation of IKK signalsome, plates of
HT-29 cells uninfected and infected with rotavirus for 3, 6
and 12 h were mechanically harvested in PBS and cells
were collected in microcentrifuge tubes by centrifugation
(1 min at 500 g). Total cell extracts were prepared as
previously described (Jamaluddin et al., 1996), and pro-
tein content was measured. Five hundred micrograms of
protein was gently rotated for 3 h at 4°C in the presence
of 1 g of anti-IKK- antibody (Santa Cruz Biotechnol-
ogy). After adding 100 l of Sepharose–protein A beads
(Sigma) the mixture was further incubated at 4°C for 3 h
with gentle rotation. The immunoprecipitate was washed
3 times with RIPA buffer (50 mM Tris–HCl, 150 mM NaCl,
1 mM EDTA, NP-40 1%, deoxycholate 0.25%, 1 mM
Na3VO4, 1 mM NaF, 1 g/ml leupeptin, 1 g aprotinin,
and 1 mM PMSF) followed by 3 washes with 5 assay
buffer [100 mM MOPS, and 125 mM -glycerophosphate
(pH 7.2) plus 5 mM Na3VO4, 5 mM EGTA, 5 mM DTT, 1
g/ml aprotinin, 100 M ATP, and 75 mM MgCl2]. The
kinase reaction was performed in 40 l of kinase buffer
in the presence of 10 Ci [32P]ATP (Du Pont NEN Re-
search Products, Boston, MA) and 0.6 g of the fusion
protein GST-IB- (1–54) or a mutated form of IB- in
which the serine phosphorylation sites were mutated to
alanine at positions 32 and 36 (S32A and S36A). The
reaction was incubated at 30°C for 30 min and was
terminated by the addition of 20 l 5 SDS–PAGE sam-
ple buffer. To visualize phosphorylated IB- the reaction
was subjected to 10% SDS–PAGE, transferred to a PVDF
membrane, and exposed to a XAR film (Eastman Kodak).
Statistical analysis
Data from experiments involving multiple samples
subject to each treatment were analyzed by the Student
Newman–Keuls t test for multiple pairwise comparisons.
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